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Multi-phase solid ion and election conducting membrane with low volume peicentaae 
electron conducting phase and methods for fabricating same 



(57) A multi-phase solid electrolyte ion transport 
membrane comprising at least two phases wherein one 
of the phases comprises an oxygen ion single conduc- 
tive material. The other phase comprises an electroni- 
cally-conductive metal or metal oxide conducting phase 
is present in a low volume percentage. One method for 
achieving this result incorporates the minority phase 
into the powder from which the membrane is made by 
deposition of the metal or metal oxide from a polymer 

Conventional Method 



made by polymerizing a chelated metal dispersion in a 
polymerizaWe organic monomer or prepolymer. The 
multi-phase composition advantageously comprises a 
first phase of a ceramic material and a second phase of 
a metal or metal cxide bound to a surface of the ceramic 
material. A second method fabricates the membrane 
from a mixture of two powders one of which contains a 
mixture of the two phases. 
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Description 

U.S. GOVERIMMEMT Rlf^HTR 

l^-l invention was made with United States Cjkivemment support under Cooperative Aareement No 

70NANB5H1065 awarded by the National Institute of Standards and Technology, -meretore. the United States Gown- 
ment has certain rights in the Invention. «oi««»saovBm 

FIELD OF THE INVENTION 

[0002] TTiis invention relates generally solid electrolyte ion transport membranes and to methods for preparino such 
membranes and. more particularly, to such membranes having at least tow continuous phases wherein one of the 
pnasMconpnses an oxygen ion conductive material, or a mixed conductor, and wheran the second phase conwrises 
an electronically-oonductive metal and occupies a minor percentage of the membrane volume. The second phase can 
be incorporated into the membraneby deposition of the metal from a chelated metal dispeision in an organic polymer 
Alternatelythe membrane is composed of a powder containing a mixture of the first phase material and the second 
material and a second powder containing the first phase material only. TTie objective of the invention is to maxinnze the 
volume Of the i^ic phase for high ion transport and minimize the volume of the electronic conducting phase to levels 
below those achieved by the prior art whHe retaining continuity in both phases. The resultant structure comprises two 
interpenetrating continuous networks, one network for oxygen ion transport and one network for election transport The 
irwenton is useful in fabricating ion transport membranes having porous catalytic suri^ce exchange enhancements, 
and for making dectrodes for solid ODcide fuel cells. 

BACKGRQtJMD QfTVj B INVENTION 

[00031 Solid electrolyte ion transport membranes have significant potential for the separation of oxygen from gas 
sfreame containing oxygen. Of particular interest are mixed conductor materials that conduct both oxygen ions and 
r«^*^* ® operated in a pressure driven mode without the use of external electrodes 

[00041 In an ionic or mixed conducting membrane reactor, a solid electrolyte meirt>rane that can conduct oxygen 
ions with infinite selectivity is disposed between an oxygen-containing feed stream and an oxygen-consuming typirally 
methane^»ntaining product or purge stream. The membrane elements have "oxygen selectivity.- which m^s that 
S*'^*!!^ ^ exclusively transported across the membrane without transport of other elements, and ions of other 
awnente. Such membranes may also be used in gas purification appltoations as described in European Patent AddII- 
^on Publication Na 778.069 entitled 'Reactive Purge for Solid Electrolyte Membrane Gas Separation.- issuedto 
35 rrasacf et al. 

IQtm Con^ite ceramic mixed conductor membranes comprised of muW-phase mixtures of an oxygen tort con- 
ductive material and an elertronically-conductive material are known. Exemplary multi-phase ceramic compositions of 
tt^s ^ are d«clw«l in U.S. Patent Nos. 5.30S.41 1 (Mazanec et al.) and 5,478.444 (Uu et al.). Such compositions are 
T^^^ by C. & Chen et al. in MiprostructurgI Development. Electrfcal Proo«>rti«« and Oxvoen P^^Mcn n, vw^. 
nia-PaHaditim Compositfffi SoHd state ionics 76: 23-28 (1 995). These patents and this technical journal article are ail 
incorporated herein by reference in their entireties. In order to develop a membrane suttable for use in pressure driven 
oxraen separation, an electronic conductivity characteristic has to be added to pure ionic conductors, thereby aeatino 
muftiptiaBe mixed conductors. TTiis Is typicaiiy accomplished by adding an electronically-conductive phase, such as Pt 
or Pd. to the ionic conductor in volume percentages above the percolation limH (typically greater than 30%)to obtain a 
continuous electronically conducting phase that exists as a continuous interpenetrating network with the oxWe ion con- 
ducting phase. 

[COftSJ In contrast to murti-phase mixed conductors, true mixed conductors, which are exemplified by perovskites 

kH?!"!^^ 2''^* ^2Sr8Fe.8CqiCriOxand others, are materials that possess intrinsic conductivityfw 

both ^ectrons and ions in a single phase. Some of these materials possess some of the highest oxygen Ion conductiv- 
ities toiown. as well as rapid surface exchange kinetics. US. Patent Nos. 5,702,999 (Mazanec et al.) and 5 712 220 
(Caroten. etal.)cDsclose mixed oxide perovsWtesof this type that are useful tor oxygen separation. However, wl^ile there 
rS.S2t? n»terials in gas separation applications, there are some drawbacks in their use 

ITOJTl Acommon problem among most ceramic mixed conductors, including perovskites. is their fragHity and low 
mechanical strength in tension, which makes it difficult to fabricate large elements, such as tubes, and deptoy them in 
oommercial systems requiring high reliability. Tliese problems have been recognized and reported in technical journal 
^^I'^r^'.z^r^'l Jll^*^' in PerovsMte-Tvpe Oxides n«v»^n Fiectrod^ f»r Hip h T.n^or. 

gftirgQxide Fuel Oils , Solid Slate tonks 22: 24t-46 (1987); and B. Fu et al in (Yi Ica^LFeOv^enteTc^^di 
Material for SoBrtOxklfl Ft wlOetlf i Proc. Sid Intl. Symp. on Solid Oxide Fuel Cells^^lil ^hal. k.^eaScSS n 
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Soc. Vbl. 93-4: 276-282 (1993). 

[0C08] US- Patent 5.911,860 discloses dual phase solid electrolyte Ion transport materials coirprised of a mixed 
conductor such as perovskite and a second phase such as Ag. Pd or an Ag/Pd alloy. TTiis patent discloses that the intro- 
duction of a metallic second phase to a ceramic nnixed or pure ion conductor such as pwovsidte prevents microcraddng 
during febncaton of the memtjrane. and enhances the mechanical properties and/or surface exchange rates as com- 
pared to those provided by a mixed conductor phase alone. 

[0C09] The introduction of a metallic second phase into ceramic mixed conductors is thus desirable for solid elec- 
trolyte ion transport membrane manufacture, not only for ceramic conductors, where the metallic phase is needed to 
achieve electronic conductivity, but also for true mixed conductors such as perovsWtes, where the metallic phase 
enhances mechanical properties and/or catalytic performance, as well as possibly enhancmg the desired electronic 
conductivity. The most common technique disclosed in the prior art for introducing a metallic second phase into a solid 
electrolyte ion transport menr4)rane is powder mixing. lUustrative of powder mixing techniques are the following patents: 

(A) US. Patent 5,306,41 1 (Mazanec et aL) discloses a typical powder mixing piwess to fabricate solid electrolyte 
ion transport membranes comprising gas impervious, multi-phase mixture of an elecb'onically-conduclive material 
and an lon-conductiVe material and/or gas impervious, single phase mixed metal oxides of a perovskite structure 
A mixture of LaCCgHsO^ja • 1 SHgO. Sr(C2H302)2 and C03O4 was placed into a polyethylene jar mill, together with 
ZXO2 m«Jia and acetone, and rolled for 70 hours. The resulting slurry was decanted and vacuum distilled at room 
temperature until dry. The solids were then calcined in m In an evaporating dish fbr 12 hours at 900^C and 6 houre 
at 1100**C. 

(B) US. Patent 5,712,220 (Carolan et aL), discloses a membrane containing a dense multicomponent metallic 
oxide layer formed from Lao.2Bao.8Coo.62Feo.2i03.2. This connposition was pr^ared by a powder preparation tech- 
nique wherein various applicable weighed quantities of U2O3. BaCog. CoO. FegOa and CuO were mixed and ball 
milled for 1 2 hours. The mixture was then fired in air to 1 0OO^C for 24 hours followed by cooling to room tempera- 
ture. The mixture was ihen ground by ball milling, remixed and retired. The resulting perovskite powder was milled 
in air to about 1-5 micron particle sizes and combined with a plastidzer, binder and toluene sdiv&M to form a slio 
suitable for tape casting. ^' 

(C) U.S. Patent 5.624,542 (Shen et al.) is primarily concerned with inproving the mechanical strength of an ion con- 
ducting dense membrane by inclusion of a second metallic phase within the matiix described therein The patent's 
independent claims disclose continuous electronic conductivity for a range of volume percent of the electronic con- 
ducting metal phase witiiin tiie range of between 10 and 50 percent However, the lower limit of 10 percent appears 
to contradict the discussfon in tiie speclficatton (column 6, lines 1-25) of tills patent, which reports findings of a 
lower limit of 20 to 35 volume percent and recommends lower limits of 1 to 5 percent above ttiat value. These dis- 
closures are not befieved to suggest or describe the present inventors' preferred limit of volume percentages of tiie 
eleclromc conducting phase within thematrix of less tiian 20 p^-cent. Also the Shen patent does not address meth- 
odology for producing porous matrices composed of two phases of ion conduction oxkies and metals. Indeed the 
manufacturing method disclosed by the Shen patent involves the production of a mixed lonlc-^ectronic conducting 
ceramicAnetal oonposite by ball mllfing, including the steps off mixing and grinding ceramic consonants witii a 
metal powder or metal oxide, followed by forming and sintering to provide tiie desired membrane. Grinding of tiie 
metal and ceramic components in accordance with the '542 patent is said to produce a particle size for the ball- 
nrttlled metal and ceranvc components of from about 0.5 micron to *out 1 micron. 

[001 0] Otiier techniques for adding second phase metdfic materials to solid electrolyte ion transport membranes 
are also known. For example, US. Patent 5.306,41 1 (Mazanec et al.) disctoses a technique in which the ceramic pre- 
cursor components are added to detonized water and the solutton is spray-dri«j to produce small droplets having a 
diameter of about 20-50 miaons. The droplets are tfien dehydrat«l with preheated dry air. resulting in a powder having 
an average partide size of approodntately 5 microns. 

5.624.542 (Shen et al.) discloses generally, in column 6. lines 45-50 thereof, tiiat mixed ionte- 
«tectronic conducting ceramic^metal composites can also be fomied by chemical vapor deposition, electiocherrtical 
vapor deposition, dip^coaiing. and solgel processing. However, ttiese methods differ in tiieir result from the powder mix- 
ir^ and spray drying techniques described above. Because they are designed to be applied aftgr the formation of a first 
ph^e membrane, these mettiods are more suited for tiie preparation of multi-layer station membranes than com- 
posite mixed-conductor membranes. Thus, these prior art coating techniques are not suited for introducing a metal Into 
solid electrolyte ion transport precursor materials mm to the fornriation of tiie solid electrolyte ton transport membrane 
[001 2] Multi-layer separation membranes are known in the art For example, Yasutake Teraoka et al reported sofid 
state gas separation membranes formed by depositing a dense mixed conducting axidelayer ontoa porous mixed con* 
ducting support in Jour. Ceram. Soc. Japan. Internatfonal Ed., Vfol.97, No.4, ppL45a-462 and No. 5. pp.523-529 (1989) 
The relatively thick porous mixed conducting support provkles mechanical stability for the thin, relatively fr^ile dense 
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mixed conducting layers. The article does not discuss two phase membrane materials. Other exerrplary muKiMayer 
ceramic membranes are dteciosed in US. Patent Nos. 4.791 .079 (Hazbun); 5,240.480 (Thorogood et al ) 5 494 700 
(Anderson etal.): and 5,342,431 (Anderson). . =-».'wu 

[00131 The Andersai et al.C700) patent disclose a method tor preparing a membrane substrate coated with a 
dense crack-free metal oxide tHm made by dissohring metal ions in a polymerizaUe organic solvent such as ethylene 
glycoL GeneiaUy the method of the 700 patent comprises: (1) preparing a starting solution containing cations of the 
aesired oxide s metal constituents dissolved in an aqueous mixture of the polymerizatile organic solvent (2) heating the 
starting solution to Ibrm a polymeric precursor; (3) deposHing a thin film of the polymeric precursor onto a substrate 
using a conventional spin-coating technkjue; and (4) calcining (he deposited precursor f Bm to convert it into a oolvcrvs- 
tailine metal oxide film. ' ' 

BHW41 The Anderson r431 ) patent discloses a method lor incorporating a metal oxide film onto a ceramic mem- 
brane compnsmg the steps of (a) pasting a dilute colloidal suspendon fsoO o» metal odde particles suspended in 
»«ter w alcohol by one side of a porous support, (b) converting the sol into a gel by removnig the solvent, (c) drying the 
gel to form a "»rogel," and (d) sintering the xerogel to create a porous metal oxide ceramic membrane that is said to 
be useful in ultrafiltration, reverse osmosis, or gas separation. 

[C015J In summary, the introduction of a metallic second phase into solid electrolyte ton transport membranes is a 
useful step in the fabncation of ntixed ionic-eleclronic conducting ceramic composites, and creates materials with great 
"^'r*'.^'.*!!^ separaflon and solid oxide fuel c^ electrodes. However, the tecihriiques heretofbre taught in the prior 
f,Il^ "^""^ * "^^'^ difficulties fbr commercial utilization of this technology 

[OOlSJ Fbr instance, the existing techniques fbr introducing a metallic second phase into solid electrolyte ion trans- 
port membranes often require large quantities of «ie second phase metellic material, whi* increases costs and can 
lead to lower lomc conductivity of the mixture . In a simple dual phase mixed conductor system comprised of an oxygen 
ion conductive material and an electronlcaOy-conducBve material, the percolation theory is usually used to predict the 
volume fraction of the second (metallic) phase required to acNeve electronic conductivity hi a mixed conductor system 
The 'rmmaim value of the volume fraction required to achieve a cortinuous second phase typicaDy falls in the range of 
fiSSJi. B "^^ ^ markedly, depending upon the relative sizing of the Individual components 

[TOlTi Prior technical literature discloses that the metallic second phase usually constitutes more than 40% of the 
volume of the composite. This amount is typically necessary to ensure that the conducting phase is above the percola- 
ton limit in order to obtain a conposite electronictonic mixed conductor. For exarrple. a technical journal article Miero- 
Structug Dgv^lQpmgnt. glectrical Properties and Oxvoen Pt«n>a9Son at Zrcnnte- Palladium Com,v«»^ Solid State 
Ionics 76: 23-28 (1995). C. S. Chen et al.. reported that a percolative Yttria-staMized cubic zirconia (YSZ) - palladium 
dual phase oonposite. containing 40% Pd by volume, showed a much larger oxygen permeability than that of a non- 
percolative composite containing 90% Pd by volume indicating a percolation limit between 30 and 40% The high cost 
of a compatible second phase (e g. Pd. Pt). coupled with the high volume required by the prior art techniques, malws it 
difficult to commerciatiza these solid etectrdyte^ion transport merrdsranes. 

[0018] Also, since the second phase is a pure electronic conductor, any excessive use of second phase material 
which IS typical of the prior art techniques, results in a reduction of the overafl ionic conductivity of the composite a 
Clearly undesirable result Ibr high perfdnnance&ioxygm transport '*'.«• 
[aW91 bi the case of true mixed conductors, such as perovsWtes. to which a metaHic second phase may be added 
to enhance mechanical properties and/or catalytic efficiency (see EP Publication No. 0 850 679) conventional tech- 
niques for introducing the second phase may reduce the ben^ derived from their use. In the prior art dual phase 
solid ^olyte ion transport powdere of these materials were usually prepared by mixing various weight ratios of sec- 
ond phase alloys and solid electrolyte Ion transport powders using a conventional powder mixing process. However 
(ftjring the conventional powder mixing process a non-unifbmi dispersion of the second phase can result in loww 
mechanical strengtii oJ the ceiantic composite due to the lack of homogeneity of the mixed material. 

^O"" « "^^^ incorporating a metal or metal oxide into an ionic or rnxBd 
lonic^electronic ceramic membrane prior to fabricating the nrembrane in order to achieve a reduction in tine amount of 
matenal required fer the second phase and to attain a uniform deposition of the metal or metal oxide within the ceramic 
niembrane substrate, ttiereby enhancing the mechanical properties and/or the overall transport efficiency of the mem- 
brane. There is also a need for the resulting improved membrane itself. 

OBJECTS OF THE iMVFisfnnM 

[raai 1 A first object of the invention is to provide methodology for achieving a continuous electron conductivity for 
a two phase conductor comprising two continuous interpenetrating networks of ton and electron conducting materials 
wfiere-in the volume of the electron conducting second phase material is substantially reduced bekw conventional oer- 

eolation limits. ^ 

[0022] A second otqect of the invention is to provide in^proved methods for fabricating a muftif^ase solid electro- 
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lyte ion transport membrane or porous layer by providing uniform eurfece deposrUon of a metal or metal oxide onto a 
ceramic powder, and forming the membrane from the resuHant multi-phase material with a reduced quantity of the sec- 
ond phase material, or by mixing an ion conducting ceramic powder with a second two phase ion and election conduct- 
ing powder within the percolation limits of the two powders and forming the membrane from the resulting mixture which 
now contains a reduced quantity of the second phase material. 

[0023] Another ot>iect of this invention Is to provide an improved solid electrolyte Ion transport membrane, having 
enhanced mechanical and/br catalytic properties. 

[0024] A further object of this invention is to extend the above techniques to the fabrication off porous surface 
exchange enhancing layer or layers for ion transport membranes, as well as electrodes of solid oxide fuel cells. 
[0025] These and other objectives will l>eoome apparent from reading the following detailed desaq^tion of the 
invention. 

SUj^MARYOF THE INVEhfTlON 

[0028] In one aspect, the present invention relates to a mufti-phase solid electrolyte ion transport membrane com- 
prising two interpenetrating continuous phases or to a porous layer that contains substantially less off the second phase 
than the prior art requires to achieve a continuous second phase and attairs both electronic and ionic conductivities 
greater than 0.01 Sfcm 1000*»C. Two methods are preswted for achieving this objective. 

[0027] According to the first method, the membrane material comprises a first pfiase, in granulated or matrix form, 
comprising an ionic conductor or mixed ionic/electronic conductor, and a second phase comprising particles of a metal 
or metal oxide coating ttie surface of the granules of the first phase. The method comprises several steps. First, the 
metal ions are chelated into an aqueous or organic mixture comprising a polymerizaUe organic monomer or prepoly- 
mer plus a chelating agent. Second, this mixture is heated to a t«nperalure sufficient to polymerize the polymerizable 
organic monomer or prepdymer in order to provide a liquU polymeric competition contafriing chelated metal or metal 
QxWe particles. Third, the liquid polymeric composition containing the chelated metal or metal oxkle is contacted with 
the granulated first phase, and mixed to provide a homogeneous admixture comprising the granulated first phase 
coated with the polymeric composition. Fourth, the homogeneous admixture is heated to a tempeiature sufficient to 
con*iust the polymeric composition anxi uniformly deposit the particles of metal or metal oxide onto the surfaces off the 
first phase granules. Lastly, the resulting multi-phase metal-coated solid electrolyte powder is optionally calcined In 
order to form a polycrystalline metal oxide coating on the surfaces of the first pfme» and then further processed (e.g., 
by sintering or cold pressing) to form the desired muW-phase solid electrolyte ionic transport membrane. 
[0028] The second method comprises pr^ring a dual phase membrane by mixing an ion conducting powds- witii 
a composite powder and then sintering the mixture to achieve an overall porous or nonporous structure as desired. The 
composite powder can be prepared by spray pyrolysis or other techntque to generate a powder that comprises a nix of 
the electronic and oxide ion conducting phases at the level of the individual grains. The important point Is that the sec- 
ond electronic conducting phase forms a continuous network upon sintering or further treatment F=br oxygen transport 
membranes the minority conducting phase will typically be the electronic conducting phase and the majority phase wHI 
be the oxide Ion conducting phase, but the opposite is also envisioned by this invention. 

[0029] A modification off this second method arrises a combination of the first and the second method. Accord- 
ing to this metfiod, a first powder is prepared from an ion conducting metal oxide using the methodology pr^fiously 
desaibed, and then provided wltfi a surface deposition of a second electronic conducting phase in the form of a metal 
or electronic conducting metal oxide using the techniques off the first method desaibed abova The resulting second 
powder is then mixed with an Ion conducting powder In volumetric proportions that assure continuity of both phases. A 
\ay&r Is then formed from the resulting powder mixture arwl sintered to obtain a dense membrane or porous 1^ as 
desired. TWs modified method can achieve a very low volume percentage of a second continuous phase. 
[0030] The minority phase in the porois or dense teyers prQ>ared 1^ the aforementioned metfiod is present in pro- 
portions such it occupies from 0.1 to 25 percent of the layer volume and preferably from 1 to 20 percent of the layer vol- 
ume. 

[0031 ] In anotiier aspect, the present invention relates to tiie multi-phase solid electrolyte ion transport membrane 
itself. The membrane, suitably fabricated by any off the mettiods descmsed above, comprises a matrix materia! that con- 
duct at least one type of ion, preferably oxygen. This membrane comprises at least one constituent that Is physically 
distinct from the matrix material, namely tiie second phase of metal or metal oxide. The second phase enhances the 
mechanical and/or catalytic properties off the membrane and provides electron conductivity to the membrane when ion- 
only conducting oxides are used. The second phase is suitably incorporated into the menrdarane as by any of the meth- 
ods described above. The second phase is present in the multi-phase membrane in a quantity that, by random mixing 
of like size particles, would normally preclude continuous electronic conductivity through the constituent across the 
membrane, that is, it is below tiie generally accepted peicotetion limit. In a preferred a^ecl, the matrix material com- 
prises a mixed conductor which exhibits both electronic and oxygen ton conductivity, and the second phase metal is sil- 
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ver, palladium, an oxide thereof, or a combination thereof. 

[0032] These and other aspects wOl become apparent upon readir^ the ffollowing detailed description of the inven- 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0033] Other objects, features and advantages will occur to those skilled in the art from the following description of 
prefenred embodimerrts and the accompanying drawings, in which: 

Fig 1 is a schematic drawing representing the conventional synthesis route and a first method of preparing a mem- 
brane of this invention. 

Fig 2, Is a schematic drawing showing two embodiments off a second method of preparing a membrane of this 
inventioa 

Figure 3 is an optical photonticrograph off a disc made by a conventional powder mixed process displayed at a mao- 
n'rfication of approximately 165 times. 

Figure 4 is an optical photomicrograph of a disc made in accordance with the present invention displayed at a maa- 
nrfication of approximately 165 times. 

Figure 5 shows an X-ray diffraction pattern Hlustraling the fbrmation of a silver coating (Ag coating) on the Dowder 
matrix (A^ matri^O off the present invention. 

Figure 6 is a graph depicting a comparison of oxygen flux as a function of thickness, at SOO^C, through a single 
phase disc (A^). a conventional dual phase disc (Ag). and a dual phase disc of the present invention (A^). 
Figure 7 is a graph depicting a comparison off f lexural strength off a conventional disc (B2) and a disc off the oresent 

invention (B3). 

F^ure 8 is a graph deleting a comparison of oxygen fflux through a conventional disc (Cg) and a disc off the present 
invention (C3). at SOO^'C under an air/helium gradient 

DETAILED DESCRIPTION OF THE INVEMTIQM 

[00341 The present invention relates to membranes composed of an ion and an electron conducting phase where 
both phases are continuous but wherein one of the phases, preferably the electron conducting phase, is present in a 
volume percentage below normal percolation finfits. Also descrftjed are metiiods fbr achieving a continuous low per- 
centage volume of tiie minority phase witiiin the membrane mati-ix. 

[C03S] The present Invention relates. In another aspect to a process for making multi-phase metal or metal oxide- 
coated solid electrolyte ion transport powder using a liquid polymeric precursor as a carrier for a chelated fomi of the 
metal or metal oxida Fig. 1 shows a schematic representation of this method in comparison to the conventional 
method. In the conventional metiiod powders off the ion conducting phase 1 and the electronfc conducting phase 2 are 
mixed in proportions within the limits governed by percolation theory . The products off the first method of this invention 
are loose powders of solid electrolyte Ion transput materials 3 which are intimately coated with a second phase mate- 
rial 4, such as Pd, Ag or Pd/Ag alloy. The second phase is microscopically unrfbrmly dispersed over, and bound onto, 
the suriiace off the solid electrolyte ion transport matrix. The result achieve is a more uniform distribution of ttie meta! 
or metal oxide over ttie surface of tfie matrix than is achieved by mixing of s^arate powders in the absence off chelation 
off the metal. Moreover, the physical properties and ion transport characteristics off ttiese two-phase membranes are 
much improved, as compared to single phase solid electrolyte ion tranqx)rt membranes or multi-phase membranes 
and as compared to coated membranes prepared by conventional coating methodology. 

[0036] More particularty, dual phase solid electrolyte ion transport membranes febricated in accordance with the 
methodology of ihe invention are characterized by a second phase that is uniformly dispersed in the solkJ electrolyte 
ion transport mati-ix. These dual phase composite membranes exhibit enhanced mechanical and catalytic properties 
due to the improvement in homogeneity of the dispersed second phase. Furthermore, it was discovered ttiat the 
improvKt homogeneity of the dispersed second phase results in a ajbstantial decrease of the percolation threshold 
which minimizes ttie use of second phase metals and therefore reduces the cost off fabricating composite solid electro- 
lyte ion transport membranes. 

[0057] Anotiier advantage of the methodology of the invention is tiiat it results in a much smaller particle size for 
the second phase in ttie solid electrolyte ion transport matrix, as compared to the particle size provided by conventional 
mixing methods sucrfi as powder mixing. By way of illustration, second phase particles of silver or palladium, deposited 
by the technique disclosed herein, range from about 0.1 to about 0.2 microns, or approximately 2 to 10 times smaller 
than those produced by the method off Shen et al. The reduced size of the second phase particles increases the 
exposed surface area of the metal for a given amount of metal used, thereby enhancing thedesired electronic transport 
without necessarily increasing tiie net volunne off second phase material needed. 
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[0038] The methodology of the present invention utOizes a liquid polymeric precursor formed by polymerizing a 
starting dispersion containing cations of the desired metal or metal oxide constitu^. in admixture with a chelating 
agent and a polymeri2al5le organic monomer or prepolymer. Preferred monomers include, by way of illustration, ethyl- 
ene glycol polyacrylamide. malonic acid, polyacrylic acid, or a combination thereof. Useful chelating agents include clt- 
nc acid, ethylenediamine. ethylen«fiamine tetiaacetic acid (EDTA). and combinations thereof. The chelating agent is 
surtably present In the starting dispersion in an amount of from 10 to 40% based upon the wefeht of the dispersion. The 
monomer or prepolymer is suitably present in the starting dispersion in an amount of from 10 to 40% based on the 
weight of the dispersion. 

[0039] At low temperature, the polymeric precursor forms a viscous liquid with excelleni wetting properties to form 
a uniform coating on the surfece of solid electrolyte ion transport powders. The precursor decomposes at high temper- 
atures, leaving a unifonm coating of second phase on the solid electrolyte ion transport powder. 
[0040] The invention disclosed herein is intended to be appHcable to mixed metal conducting oxide ceramics 
enconpassed by the structure: fiiA'^fK'\B^^y,B\0^ where A. A'A" are chosen from ttie groups 1, 2. 3 and ttie F Wock 
lanthanides; and B, B'. B" are chosen from the D Wock transition metals according to the Periodic Table of tfie Elements 
adopted by the lUPAC wherein 0<r^1, 0^<1, 0^1, 0<u<1. 0<v^1, 0<w^1 and x is a nurrtber determined from stoichi- 
ometry tiiat renders the compound charge neutral. Preferably, A, A'. A'' of the enumerated structure is a Group 2 metal 
consisting of magnesium, calcium, strontium and barium. Ilbistrative lanthanlde-containing metal codde compositions 
also containing calcium or strontium are disclosed in U.S. Patent 5,81 7,597 (Carolan et al.) Prefen-ed mixed conducting 
oxides are presented by the fornttila A'sA'SBuB'vB"^,, where A represents a lantiianide. Y, or mixture tiiereof. A' repre- 
sents an alkaline earth metal or mixture thereof; B represents Fe; B* represents Cr, Ti, or mixture thereof and B" repre- 
sents Mn, Co, V. Ni. Cu or mixture tiiereof and s, t u. v. and w each represents a number from 0 to about 1. and z is 
from stoichiometry. 

[0041] A particularly preferred ceramic structure r^resented by the formula: 
^ A^AVByB-yOa-, 
where 

A is a lanthanide element; 
30 A' is a suitable lanthanide element dopant; 

B is selected from the group consisting of titanium, vanadium, chromium, manganese, iron, cobalt, nickel zinc and 

mixtures thereof; 

B' is copper; 

0.1 ^x<0.6: 
35 0.4<x'i0.9; 

0.1 5y<0.9; 

0.1 ^y'^0.9; 

0.9<(x4^xV(y+y')<1.1 ; 

40 and z is determined from stoichiometry. 

[0042] This ceramic sti^ucture represented by tiie above formula for a preferred ceramic structure is the subject of 
commonly assigned, co-pending EP aplication entitied JVIixed conductir^ cutec perovsWte for ceramic ion transport 
membrane", filed February 1, 2000. claiming the US. priority of U.S.S.N. 09/241,610 of February 2, 1999. 
[0043] The invention disclosed herein is also intended to cover oxygen ion^onducting materials or phases formed 
between oxkJes containing divalent and trivalent cations such as calcium oxide, scandium codde. yttrium oxide, lantha- 
num oxtde. etc.. with oxides containing tetravalent cations such as zirconia. thoria. and ceria. Some off the known solid 
oxide transfer materials of tills variety include YgOg-stabilized ZrOa. CaOstabilized ZrOg. ScgOa-stabilized ZrOo YoOa- 
stabthzed B2O3. CaO stabilized CeOa. YgOa-stabilized CeOg, GdaOs-stabilized CeOj;. ThO^. YaQs-stabilized ThO^, or 
ZrOa. ThOa. CeO^, BigOg, or HfOa stabilized by aJdition of any one off lanthanide oxides or alkaline earth metal oxides. 
Many otfier oxides are known which have demonstrated oxygen ion-conducting atMlity tiiat could be used In the multi- 
phase mixtures, and they are included in tiie pr^ent concept 

DWm] In accofdanoe with a seccnd aspect of the invention, a solid electrolyte ion transport membrane is provkJed. 
The membrane comprises a first phase, made from granulated or matrix material, which conducts at least one type off 
ion. preferably oxygen ions, and a second ptese. The second phase, which is physically distinct from ttie matrix male- 
nal. compnses a metal or metal oxide Incorporated onto the surtace off the granulated or matrix material by means of 
the dispersion described herein. The second phase is present in a manner which increases ttie homogeneity off the 
phases witiiin the matrix material, thereby enhancing the mechanical and/or catalytic properties of ttie matrix nmterial 
while minimizing the amount of constituent material needed and also decreases the percolation threshold for the sec- 
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ond phase. 

[0045] A particularly advantageous multi-phase, composite material is comprised of a first mixed conductor phase, 
such as a perovsWte arKi a second phase of a metal or metal oxide distritxjted uniformly on the surface of the first mixed 
conductor phase. This second phase tends to prevent microcracWng of the membrane, eliminate special atmospheric 
control during processing and operation, and Mprwe the mechanical properties, thermal cyclability. atmosphere cyda- 
bility and/or surtoce exchange rates over that of the mixed conductor phase alona This second phase is suitably incor- 
porated onto the surface off the mixed conductor granules using the aboveKJescribed starting dispersion. The resulting 
dual-phase membrane exhibits improved mechanical properties, and preferably also exhibits improved catalytic prop- 
erties, vuithout sacrificing its oxygen transport performance. Further, this second phase can relieve compositional and 
other stresses generated during sintering, inhibit the propagation of microcracks in the mixed conductor phase and 
hence improve the mechanical properties (especially tensOe strength) significantly. Since atmosphere control can be 
eliminated during sintering, manufacture is easier and less costly. The ability to eliminate atmosphere control during 
thermal cycling mates It sub^antially easier to deploy the membranes in practical systems which are more robust and 
better withstend transitional stresses created by temperature or gas composition variations. 

[(K)46] Generally suitable ion transport membrane materials include ionic only and mixed conductors that can trans- 
port oxygen ions. If made according to the present Invention, the mixed conductor phase may transport both oxygen 
ions and electrons independent of the presence of the second electronic conducting phase. Exanples of mixed con- 
ducting solid electrolytes useful in this Invention are provided in TOUe I below, but this invention is not limited solely to 
these material compositions listed therein. Dense matrix materials other than those comprised only of mixed conduc- 
tors are also contemplated by this invention. 

[00471 "me method of the present invention wiD be particularly useful to the ceramic mentoiane manufacturing com- 
munity since a common problem associated with such ceramic manbranes is their fragility, and low mechanical 
strength under tension. This makes it difficult to fabricate farge elements such as tubes and use them in commercial 
systems requiring high reliabiBty These Itmftations are overcome by the present Invention. More speciflcafly, as dis- 
cussed above, the dual phase material comprised of the mixed conductor and the microscopically distributed second 
constituent phase tends to prevent undesired microcracWng off the membrane during fabrication in air, and inprove 
other mechanical properties of the membrane. The resulting membrane exhibits enhanced thermal/atmosphere cycla- 
bility and surface exchange rates, as compared to an analogous single-phase mixed conductor phase. 
[00481 When provided as a porous coating on the surface of the membrane or as a porous electrode for solid oxide 
fuel cell, the surface exchange properties off the membrane are enhanced. In this case porosity Is preferentially more 
than 10 percent and pore radii less than 1 0 nfticrons and more preferably less than 2 microns. 
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Table I: Mixed Conducting Solid Electrolytes 



5 




Material Coioposition 




1, 


lLaj,j,Sr«) jCoi.yrey)O3.»(0<x<l, 0<y<l, 6 from 


stoichiometry) 




z . 


5rMnO).A 










srMni .,COjt03_fl (0<x<l, 


from stolcihlometry) 




10 












3 . 


BaFeo^^COo.sYOa 




















yBa2Cu307-ft (0<fl<i^ fi 


from stoichiometry) 




16 


4 - 


I»ao. 2Bao. gCoo . sFeo . 202. 


Pro.2Bao.8Coo.BFeo.202.€ 






5- 




(x,x',x'',y,y',y'' all in 0-1 range; and z 






frcsn stoichicxnetry) 










where : 






20 




A, A', A" * from group* 1,2,3 and f -block lanthanide^ 






B,B',B" «. from d-block transiticm metals 




6. 


(a) Co*La-Bi type: 


cobalt oxide 


15-75 mole % 








Lanthanum oxide 


13-45 mole % 


26 






Bismuth oxide 


17-50 mole % 






<b) Co-Sr-Ce type: 


Cobalt oxide 


15-40 mole % 








Strontium oxide 


40-55 mole % 








Cerium oxide 


15-40 mole % 


30 




(c) Co-Sr-Bi type: 


Cobalt oxide 


10-40 mole % 








Strontium oxide 


5-50 mole % 








Bismuth oxide 


35-70 mole % 






(d) Co-Z«a-Ce type: 


Cobalt oxide 


10-40 mole % 


35 






Lanthanum oxide 


10-40 mole % 








Cerium oxide 


30-70 mole % 






(e) Co--La-Sr-Bl type 


: Cobalt oxide 


15-70 mole % 








Lanthanum oxide 


1-40 mole % 


40 






Strontium oxide 


1-40 mole % 








Bismuth oxide 


25-50 mole % 






(f) Co-La- Sr-Ce type: cobalt oxide 


10-40 mole % 








Lanthanum oxide 


1-35 mole % 


45 






Strontium oxide 


1-35 mole % 








Cerium oxide 


30-70 mole % 




7. 


Bi2-»-yM'^yO5^(0<x<l,0<y<1^8 from stoichiometry) 






wher«: M'- Br, Y, 


Tn, Yb, rb, Lu, Nd, Sra, Dy, Sr, Hf, 


60 




Th, Ta, Kb, 


Pb, Sn, In, Ca, Sr, La 


and 






mixtures thereof 








M « Mn Fe, Co, Ni, Cu and mixtures thereof 



55 
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8. 


BaCe|_xG<l,(03-ii/2 






where, x equals from zero to about 1. 




Q 


One of the materiala of A^A' ^B^B* vB"^, family whose coaposition 
is disclosed in U.S. Patent 5,306,411 (Mazanec et al.) as 
follows: 


10 




A represents a lanthanide or Y, or a mixture thereof/ 
A' represents an alkaline earth metal or a mixture 
Thereof/ 

B represents Fe; 


15 
25 




B' represents Cr or Ti, or a mixture thereof; 
B" represents Mn, Co, V, Ni or Cu, or a mixture 
thereof/ 

and s,t,u,v,w, and x are numbers such that: 
s/t equals from about O.oi to about 100/ 
K± ctjuoxs jLc^om. aoouu u*ijx to anout 1/ 
V equals from zero to about 1; 
w equals from zero to about 1/ 

x equals a number that satisfies the valences of the A, 
A' , B, B' , B" in the formula; and 
0.9 < (s+t)/(u+v+w)<l.l 




10. 




3a 

35 




where : 

M represents Fe or Co; 

X equals from zero to about 1/ 

y equals from zero to about 1/ 

d equals a ntunber that satisfies the valences of La, 
Sz, Cu, and M in the formula 




11. 


%fhere: 


40 




A represents a lanthanide, Ru, or Y, or a mixture 

thereof/ 
X equals from zero to about 1/ 


45 




d equals a number that satisfies the valences of Ce 
and A in the formula 




12- 


one of the materials of Sri^xBixPeOj^ family, 
where : 


60 




x equals from zero to about 1/ 

d equals a number that satisfies the valences of Sr, 
Bi and Fe in the formula 
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13. 


One of the materials of SrKFCyCOjO*, family. 






where: 


5 




X ecjuals from zero to about 1; 






y equals from zero to about 1; 






z equals from zero to about 1; 






w equals a number that satisfies the valences of Sr^ 


10 




Fe and Co in the formula 




14. 


I>ual phase mixed conductors (electronic/ionic) : 






<Pd)o.s/{YS2)o.5 (YS2 = yttria-stabilized zirconia) 


IS 




<Pt)o.5/(YSZ)o.5 






(B-MgLaCrO^) o.s (Y5Z) o.s 






(In^oiPtjo*) 0. 6/ ( YSZ) 0.5 


20 




{InMiPtioi)o.5/{ys2)o.5 




(In9StPr2.MZr2.5,)o.5/ CYSZ)o.& 






Any of the materials described in 1-13, to which a high 






temperature metallic phase (e.g,, Pd, Pt, Ag, Au, Ti, Ta, w) 


25 




is added 



[0049] In general, the major considerations in the selection of the second, phase materials are readily apparent. 
30 These Include: (1) match of thermal expansion coeffldents CTEQ of the second phase and the Ion transport material; 
(2) chemical compatibility between the second phase and the ion transport material; (3) good bonding between the sec- 
ond phase and the matrix of the ron transport material; (4) ductility off the second phase to relieve stresses during sin- 
tering and cooling; and (5) low cost. 

[00501 TEC match is important because stress is usually set up within and around the second phase as the com- 
as posite materal cools down from the temperatures it is exposed to during fabrication. Selection of a material with a less- 
thanKJesired match with the second phase material may cause unwanted delaminatlon or cracking by the thermal 
stress imposed during fabrication and operation of the membrane. This can be minimized by reducing the difference in 
the expansion coeffidenfts between that of the Ion transport material and that of the second phase. 
[0051] Chemical compatibility is important because the high temperature operation and processing of ion transport 
40 materials will cause interactions and inteidiffusion between the ion transport material and the second phase that may 
lead to the degradation of the materials and reduce the membrane peribrmance. Therefore, the second phase should 
be chemically Inert or should nrt react undesirably with the ion transport material to avoid adverse interactions and 
interdiffusion at high temperatures. 

IP0S2] Good bonding is important because delaminatlon occurring between the second phase and the ion trans- 
45 port material could be deleterious to the strength of the material. Cracks or flaws could easily link up and cause a failure 
of the material. 

[0053] Ductility of the second, constituent phase is important because many ion transport materials have very high 
thermal expansion coefficient High TEC's give rise lo high thermal stress during the processing and operation of the 
ion transport materials, which may result in failure off the materials. The ductility off the second phase may relieve the 
so stresses generated during sintering and/br cooling. 

[0054] In addition to the above conskJerations, the catalytic activity of the second phase preferably improves sur- 
face reaction Wnetics of the composite ion transport membranes. Increased catalytic activity can mitigate an othenvise 
higher cost of the electronic conducting phase. 

[0055] The second phase is suitably a single metal, such as silver, palladium, platinum, gold, rhodium, titanium, 
65 nickel, ruthenium, tungsten, tantalum, or alloys of two or more off such metals which are stable at merrt>rane operating 
temperatures. Suitable Wgh-temperature altoys include inconel, hastefloy, monel, and ducrolloy. Silver, palladium, or sil- 
yer/|f>alladium alloy are preferred. As another alternative, the second phase can be a ceramic, such as praseodymium- 
indium oxide mixture, niobium-titanium oxide mixture, titarwum oxkie. nickel oodde, tungsten oxide, tantalum oxkJe. ceria. 
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zirconia, magnesia, or a mixture thereof. Some ceramic second phases, such as titanium codde or nickel oxide, can be 
introduced in the form of oxides, then reduced to metal during the operation under a reducing atmosphere. 
[0056] THe following exanples are set forth with specific materials and process condittons to specifically exemplify 
the invention and should not limit the invention in any way. 

Examples 

Exgmpl^ I - Dual Phase Solid Electrolyte Ion Transport Membrane Fabricated of Ag coated La-osSr ggCoOa-x (A1) 

[0057] Ag (about 0. 1 to 0.2 ^m) coated A^ mix^ conductor powder (average particle size about 1 .0 ^m, from SSC, 
Inc.. Woodinville, WA, now PSC of Praxair Surface Technologies. Inc.) with 20 wt % of Ag produced by the fbUowing 
method: 

(a) 10.2 grams of AgNO^ were dissolved Into 15 ml off H20. followed by adding 2.9 grams of citric add and 10 
gran^ of ethylene glycol into the solution. 

(b) The solution was stirred on a hot-plate (about 65**C) until a clear solution was datained. 

(c) 5 grams of glydne were dissolved into the solution and then heated to about 100^ to evaporate the water and 
accelerate the pdymerization of chelating complexes. 

(d) After about 1 0 mfmjtes a viscous and transparent system was obtained. 25.9 grams of A^ was then introduced 
into the system and a vigorous stirring was applied to obtain a homogeneous system. 

(e) The system was then heated to about 300*»C on the hot plate until a thick paste was obtained, then the temper- 
ature was increased to about 500'*C to carry out a combustion process. 

(0 After the con*ustion, the Ag coated Ai was calcined at eoO'^C tor 4 hours, then milled and sieved for further 
applications. Dual phase discs were then prepared by mixing the Ag coated A^ powder with 3 wt. % of P VB (Butvar 
of Monsanto) then pressed under a 1 .5" die using a pressure of 10.4 kpsi. This was followed by burn-out of the 
binder while raising the temperature at the rate of 1 *»C/mln from 25 to 400*'C. The final temperature was held for one 
hour, and then sintering of the discs was effected at 1 1 00*C for 2 hours with a heating/cooling rate of 2<'CAnln in air. 

[0058II Microstructures off the sintered discs were obtained using a Nikon Epiphot 200 optical miaoscope. X-ray dif- 
fraction (XRD) analyses were performed usng a Rigaku minifflex cfifffraclometer with Cu K„ radiaton for the study of sec- 
ond phase formation within the solid electrolyte ion transport matrix. The oxygen permeation rate was measured using 
sintered disc specimens sealed in an alumina test cell with Ag paste. Tests were performs! on three dense Ag discs (A^ 
with 20 wt % Ag by conventional mixed powder) and three dense Aq discs (A^ coated with 20 wt. % Ag by cun-ent inven- 
tion) of decreasing thickness {1.1 mm to 0.3 mm) at SOO°C under an air/helium gradient. A HP 5890 Qas Chromalo- 
graph and oxygen analyzer were used to analyze the gas compositions and calculate the oxygen fluxes. 
[00591 Rg. 3 and Fig. 4 show Qptk:al lE^otomicrographs off discs made by convertional powder processing methods 
and by the method of the present Invention. Compared to the disc made by a conventional powder mixing process (Rg. 
3). the disc obtained by the method of the current invention (Rg. 4) showed a much finer and more uniform dispersion 
of the second phase (white area) in the A^ matrix. The X-ray diffraction ("XRD") result (Fig. 5) shows the ftM-mation of 
Ag coating within the A^ matrix. H also repeals a good compatibinty betwe^ the Ag coating and A^ matrix without form- 
ing any other detectable phase. Fig. 6 shows the O2 fluxes through the discs as a function of I/thickness at 900«C for 
Ai . A2. and A3. For -M mm to 0.6 mm disks the O2 fluxes off three compositions are comparable. For 0.3 mm disk the 
O2 flux (5.9 sccm/bm^ of A3 te significanUy higher than those of A^ and A2 (3.2 and 4.5 sccm/cm^. TTie increase in 
flux with 1/t is also more linear with A3 than the other two ^ecimens suggesting that the surface exchange rates are 
nwe rapid wm this material. The enhancement of surface kinetics off A3 is another feature that can be attributable to 
the fine second phase (Ag) w^l-cGspersed on the surface of A^ matrix 

Example II - Dual Phase Solid Electro3yte Ion Transport Membrane Fabricated of 50/50 ffWAg (50Pd/50Ag) coated 
La^Sr sFeeeCo.iCr^Mg oiOx (hereinafter, Bi). 

mm A 20 wt % off SOPdi^OAg (about 0. 1 to 0,2 urn) coated mixed conductor powder (average partide size - 
1 .0 |im, form SSC. Inc. Woodinville. WA. now PSC off Praxair Surface Technologies. Inc.) was piwiuced by the following 
niethod: 

(a) 3.94 grams of AgNOs and 5.42 grams of Pd(IM03)2 were dissolved into 15 ml off H^, fbllowed by adding 2.24 
grams off dtric add and 28 grams off ethylene glycol into the solution. 

(b) The solution was stirred on a hot-plate (about es^'C) until a dear solutfon was obtained. 

(c) 3.5 grams of glycine were dissolved into tiie solution and then heated to about 100*C to evaporate the water 
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and accelerate the polymerization of chelating complexes. 

(cQ After about 10 minutes a viscous and transparent system was ol>tained. 20 grams of powder was then intro- 
duced into tl^ system and vigorous stirring was appliaS to obtain a homogeneous system, 
(e) TTie system was then heated to about 300*'C on the hot plate until a thick paste was obtained, then the tenper- 
ature was increased to about 50Q°C to carry out a condxjstion process. 

(0 After the combustion, the 50Pd/50Ag coated Bi was calcined at 60(yc fbr 4 hours, then miUed and sieved fbr 
further applications. 

[0CS1] Dual phase bars were prepared by mixing the 50Pd/50Ag coated powder with 3 wt. % of PVB (Butvar of 
Monsanto) then pressed in a rectangular die using a pressure of 10.4 kpsi followed by the Wnder burn-out process 
(rc/min from 25 to 400«»C and hold fbr 1 hour), and sintered at 1250«»C for 2 hours with a heating/coolhig rate of 
2*C/min in air. 

[00S2] Room temperature 3-polnt bending tests were perfbmied on four bar ^ecimens of 82 (B^ with 20 wt. % 
50Pd/50Ag by current invention). All specimens (30x4x3 mm) were cut and polished using synthetic diamond discs 
prior to testing to avoid any edge imperfections. Fig. 5 shows the flaxural strength comparison off Bg and B3 specimens 
utKier similar testing conditions. An average f lexural strength off 25.0 kpsi was obtained for B3. As compared to that of 
Bg (23.0 kpsi). about 10% strength enhancement was obtamed nidicating that the mechanical strength of can be 
improved by the coating povuder process due to the uniform finely dispersed second phase. 

Example III - Dual Phase Solid Electrolyte ton Transport Membrane Fabricated of 50Pd/50Ag coated Ceo aGdn tiOo 
(he-einafter, Ci). u.^-j-x 

[0053] 20 wl % (13 vol. %) off 50Pd/50Ag (about 0.1 to 0.2 ^m) coated with Ci powder (cocygen ion conductor with 
an average particle size about 1 .0 jim. from SSC, Inc., WoodinvBle, WA, now PSC of Praxair Surfece Technologies. Inc ) 
was produced by the fbllowing method: 

(a) 3.94 gran^ of AgNOg and 5.42 gram of Pd(N03)2 were dissolved Into 15 ml of HgO. fbOowed by adding 2^4 
grams of citric acid and 28 grams of ethylene glycol into the solution. 

(b) The solution was stirred on a hot-plate (about 6S"C) until a clear solution was obtained. 

(c) 3.5 grams off glycine were dissolved Into the solution and then heated to about 100**C to evaporate the water 
and accelerate the polymerization of chelating complexes. 

(d) After about 10 nvnutes a viscous and transparent system was crf>talned. 20 grams of powder was then intro- 
duced Into the system and a vigorous stirring was applied to c^ain a homogeneous system. 

(e) The system was then heated to about SOO'^C on the hot plate until a thick paste was obtained, then the temper- 
ature was increased to about 500*C to carry out a combustion process. 

(f) After the combustion, the 50Pd/50Ag coated Ci was calcined at 600*C for 4 hours, then milled and sieved fbr 
further applicationa 

[0CS4] Dualphasediscswerepreparedbymixingthe50Pd/50Ag(l3vol.%)coated powder wHh 3 wt % of PVB 
(Butvar of Monsanto) then pressed under a 1 .5" die using a pressure of 10.4 kpsi follow^ by the binder burn-out proc- 
ess (rc/min from 25 to 400"C and hold fbr 1 hour), and sintered at 1250«C for 2 hours with a heatino^coolina rate of 
2**C/min in air. 

[OCSSJ The oxygen penmeation rate was measured on sintered <fisc spedmens sesAed In an alumina test cell with 
Ag paste. Tests were perfbrmed on a Cg disc (C^ mixed with 50 vol. % of Pd by the conventional process) and C3 discs 
(Ci coated with 13 vol. % 50Pd/50Ag by the method of tiie current invention) at 900*»C under an airyhelium gradient. A 
HP 5890 Qas Chromafograph and oxygen analyzer were us©j to analyze the gas compositions and calculate the oxy- 
gen fluxes. It was found that C3 (13 vol. % off 50Pd/50Ag) is electronically conductive by 2-point impedance measure- 
ment after sintering at 1 250°C which indicates the percolation limit can be reduced to about 13 vol. % ffrom 33 vol. % 
resulting from a conventional powder-mixed process using the method of the current invention. The cost off second 
phase using tiie current invention can be reduced about tivee-foU from that fbr a conventional powder-mixed process. 
Fig. 6 shows an oxygen flux comparison off C2 and C3 discs at 900X under an air/helium gradient The oxygen flux of 
C3 is slightiy higher than that of Cg. This r^ult demonstrates that the oxygen flux off can be improved by the process 
of the present invention by taking advantage of the resulting uniform surface^iispersion (and small partide size) off the 
metal oxkJe surface coating. Ttiis facilitates the use off a reduced amount off metal oxide second phase. 
[0CS61 The second method (Fig.2) prepares a dual phase membrane by mixir^ an ton conducting powder 5 with a 
composite ion and electron conducting powder 6, produced by spray pyrolysis or other suitable method, and then sin- 
tering the mixture to achieve an overafl porous or nonporous structure as desiraJ. tt is important that the second powder 
comprises a mix off ion and electron conducting materials at the level of the nidividual grains and that the second elec- 
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tronic conducting phase form a continuous network upon sintering 

[CCST] TTie electronically conducting phase can comprise silver, gold, platinum, palladium, rhodium, ruthenium, 
nickel, an altoy chosen from among these metals, various alloys that are corrosion resistant such as Haynes 230 alloy, 
bismuth oxide, a praseodeminium-indium oxide mixture, a cerium-lanthanum oxide mixture, a titanium oxide mix- 
ture,doped ruthenates such as LnaRuaOyCLn^ lanthankle or alkaline earth metals, or an electron-conductive mixed 
metal oxide of a perovskite structure, with the perovskite having the general formula [AaAy[BxB' JOa^. wherein A is 
chosen firom the Group HA metals , Mg. Ca. Sr. Ba, or some mixture thereof. A' is chosen from anrong the rare earth 
metals and lanthanides or actrrtides. La, Y. Ce, Or. Nd. Pm, Sm, Eu, Tb, Dy. Ho, Er. Tm, Yb. Lu, Th. or U, or some mix- 
ture thereof; B* is chosen from among Fe, Mn, Cr. V. or Tl. or some mixture thereof; is chosen from among Cu or Ni 
or some mixture thereof: 

0<a*1 .0*b^1, 0<jr*1 . 0 VI ; and 8 is determined by the valence of the other metals. Any electronically conducting 
phase is within the scope of this invention. 

[C0S8] Precursor salts to the various electrons conducting phase components can be employed. These salts can 
be nitrates, carbonates, oxalates, chtorides, acetates, sulfates, or any other salt that decomposes under processing 
condrtfons to generate the desired secorwl phase. The salts or other forms of the second phase can be applied as thin 
films tiy spray coaling, impregnation, slurry coating, or any other convenient technkjue known in the art that achieves 
the objective ol distributing the second phase precursors over the surface of the majority phase. 
[C0S91 The oxide ion conducting phase can be any oodde ion conducting material, such as . but not limited to stabi- 
lized zirconia, stabilized bismuth oxide, aurivillius phases, or cerium oxide alone or doped with any other elements that 
can provide a lower valent oxkJation state (<4) and promote the formation of oxide ion va^cies, such as Pr.Nd Pm 
Sm. Eu. Oa, Dy. Ho. Er. Tm. Yb. Lu. Y. La. Ga, Al.or alkaline earths such as Mg. Ca. Sr. or Ba. The dopant r^etal can 
be present from 0.01 to 50 mol percent in the ceria. but usually 2 to 30 mol percent provides best ton corwluctivity. 
[C0701 A modification {Rg.2) of the method involves borrowing from the methodology of the first method discuss^ 
earlier. In this case the electronic conducting phase 7 is distributed over the surface off a portion of the first phase par- 
ticles 8. Tlie resulting particles are then mixed with the remaining portion off the first phase particles 9 and a dense 
membrane or porous layer formed ffrom the mixture and subsequently sintered. The salts or other forms of the second 
phase can be applied as thin films by spray coating, impregnation, slurry coating, or any other convenient technk^ue 
known in the art that achieves the objective of distributir^ the second phase precursors over the surface of the first por- 
tion of the majority phase partfoles. TTie preferred m^od Involves mixing a polymeric precursor containing chelate 
second phase metal ions with a portion off the f irst phase powder 8, followed by drying the precursor at about 80*»C to 
form a coating over the surface off the powder, and subsequent decomposition of the precursor to form a thin noncrys- 
talline coating of the second phase on the surfece of the first phase powder. The density and surfece morphotogy off the 
coating can be controlled by the concentration and the chemistry of the precursor. The coated particles thus obtained 
are mixed with the remainder off the first phase particles 9 in proportions wfthin the percolation limits of the two powders 
and processed as before to produce a dense or porous layer as desired. 

[00711 W. fbr example, particles of the first phase are provided with a coating of the second phase comprising 10 
percent off the combined volume, arwl then mixed with particles of the first phase in a 40 to 60 volumetric ratio, the result- 
ing material will contain only 4 percent of tiie second phase while still providlr^ a continuous network. It should be noted 
that tiie above techniques can also be employed to improve the mechanical properties of mixed conducting perovskites 
by inclusion of a minority metallic phase such as palladium. In this case the feet tiiat the volume of the e}(pensive metal- 
lic phase can be minimized. whUe still retaining unifbrm distribulton, has a significant economic advantage. 
[0072] Fbr oXh& dual phase membranes the appropriate phases and precursors can be chosen. TTiis would include 
such membranes as those that tran^ort hydrogen ions, carbonate, sulfete, nitrate, ammonium, sulfur, or other atomic 
or molecular ions. 

[0O731 Any of the dual phase membranes off tiie invention can be coated with porous layers, on one or both sides, 
optionally prepared according to the methods of this invention, to enhance the so-called three phase contact regfon 
beD©fed to be necessary for cocygen activation and recombination. It could be desirable to have the electronlcafly con- 
ducting phase the majority phase in flie porous layers to conned tiie widely separated electronically conducting short 
circuits, to reduce local current density problems that might arise, by averaging the cun-ent over the entire m^brane. 
For optimum effectiveness the porous layers should be thicker than 5 microns, have a porosity greater than 1 0 percent, 
and pore radii smaller tiian 2 microns. 

[00741 The minority phase in the porous or dense layers prepared by the aforementioned methods is present in pro- 
portions such it occupies from 0.1 to 25 percent of the layer volume and rn^eferably from 1 to 20 percent of the layer vol- 
ume. The ionfo and electronic conductivities are greater tfian 0.01 S/cm at 1000 •C. 
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Specif tc Example 

[0075] A composite powder was prepared by spray pyroJysis of a mbrture of Pd, Ce. and Gd salts in the ratio that 
generates 40 percent by volume of Pd metal in llie finished powder. This powder was mxsd in a 50/50 mixture with 
CeOdO powder prepared In a standard way. The material was mixed thoroughly with the resulting mixture containing 
20 percent by volume of Pd. The powder mixture was then press«J into a 1mm thick 25mm dia. disk and sintered at 
1500 The disk was fitted into a membrane test reactor and heated to 1000 *C. Excellent oxygen flux was obtained 
when one side of the ment>rane was exposed to atnto^heric air and the other side to a low oxygen partial pressure 
thereby indicating continuos electronic and ionic conductivity. 

[0076] The advantages of the invention manufactured according to any of the three mentioned methods are: 
i) Higher oxygen flux due to greater volume fraction of the ion conducting phase: ii)less expensive membranes or porous 
layers due to dialler use of an expensive second metallic phase such as Ft or Pd; iiOimproved mechanicaJ and catalytic 
properties when prepared with a second metallic phasa 

[0077] It is well within the scope of this invention to deposit thin porous and dense layers prepared according to the 
methods of this invention onto porous support substrates. Preferentially these are fabricated from stronger less expen- 
sive metal oxkJes such as YS2. ceria. alumina or oxidation resistant metal alloys such as HastaUoy or Inconel. These 
substrates should feature porosities greater than 25 percent and have pore radii greater than 2 microns and preferably 
greater than 5 microns. 

[0078] While the invention has been descril3«j above with reference to specific embodiments thereof, it is apparent 
that many changes, modif ications. and variations can be made without departing from the inventive concept disclosed 
herein. Accordingly, it is intended to embrace all such changes, modifications, and variations that ^1 within the spirit 
and broad scope of the appended claims. All patent applications, patents, and other publicatk>ns cited herein are incor- 
porated by reference in their entirety 

COalms 

1 . A multi-phase sofid electrolyte dense or porous matrix exhibiting ion and electronic conductivity comprising 

a first phase in the form off a mixed metal oodde having ionic conductivity and a second phase being an elec- 
tronic conducting metal, alloy or mixed metal oxide distributed throughout such matrix. sakJ second phase 
comprising at least one percent and less than thirty percent of the volume of &atS matrix. 

2. The matrix off daim 1 that is produced ffrom a powder precursor t5y Incorporating said second ptiase into said pow- 
der precursor by deposition, at an elevated temperature, of metal or metal oxWe from a polymer, said polymer being 
fabricated by polymerizing a chelated metal dispersion in a polymerizable organic monomer or prepolymer in order 
to provkJe said matrix comprising said first phase being a ceramk: material and said second phase being partKles 
of a metal or metal oxkle, saki particles being bouna to an outer suif^e off sed6 ceramic material. 

3. The matrix of claim 1 that is produced from an admixture off at lease two powders, at least one off said two powders 
containing an aJmixture off said first phase and said second phasa 

4. The matrix of claim 1 wherein said second phase is unifomnly distributed throughout said first phase. 

5. The matrix off daim 1 wherein the ionic and electronic conducting phases comprise two continuous interpenetrating 
network& 

5. The matrix of daim 1 additionally having ionic and electronic cwductivities are each greater than 0.01 S/cm at 
1000'C in air. 

7. The matrix off claim 1 wherein said first phase comprises a composition selected from the group consisting of doped 
cerium oxide, doped zirconia of the general tbmiula MCeOx where M=Lanthenae or Y; doped zirconium oxide of 
the general formula MZrOx. where M«Unthenide. Y. or Ca; LaSrCSteiMgOx type; and doped Bismuth oxide of the 
general formula MBiQx where MsY, Mo, W. and oombtnatk>ns thereof. 

8. The matrix of daim 1 where said second phase comprises a metal selected from the group consisting of Pd, Au, 
Ag, Pt, Ni, Ca alloys thereof, and combinations thereof. 

®- The matrix off daim 1 wherein said second pNise compr^ a conducting perovskite off the general formula LaSr- 
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MOx, where M is a transition metal. 

1 0. The matrix of claim 1 where said second phase is deposited on surfaces of particles of the first phase by deposition 
of chelated metal or metal oodde from a liquid polymerizable medium In which said second phase is chelated 
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